Due to the outstanding electrical, magnetic and catalytic properties, nickel oxide (NiO) has been received considerable attention during the past decades. In this study, NiO nanoparticles were prepared by solgel method, which is one of the simplest and lowest-cost techniques. The synthesis was accomplished by using Poly(alkylene oxide) block copolymer as the surfactant, and Ni(NO 3 ) 2 ·6H 2 O as the inorganic precursor. The effect of experimental parameters, such as calcination temperatures and H 2 O concentration on the NiO nanoparticles formation were investigated. TGA, XRD, SEM, TEM and N 2 adsorptiondesorption isotherms were used to characterize the microstructure and specific surface area of the samples. TGA and FTIR analyses demonstrated that copolymers were expelled at 573 K. The formation of NiO nanoparticles and their structural features were greatly dependent on the calcination temperature. The sample calcined at 923 K was composed of pure NiO nanoparticles as shown by XRD. As H 2 O concentration was increased, the reoxidation process of metallic Ni to form NiO would reduce, but it would not affect the structural type of NiO nanoparticles. In general, the addition of water would weaken and inhibit oxidation effects. The temperature of stable metallic Ni was increased up to 823 K. The specific surface area evaluated from the N 2 adsorptiondesorption indicated that the samples consisting of non-porous NiO nanoparticles. Increasing H 2 O addition resulted in an increase of specific surface area of nanocrystalline NiO powder.
Introduction
In the past decades, nickel oxide (NiO) has been received considerable attention due to their outstanding electrical, magnetic and catalytic properties. 1) Their wide range of applications in various fields included the fabrication of catalysis, 24) electrochromic films, 57) fuel cell electrodes 8) and gas sensors, 911) battery cathodes, 1216) pn heterojunctions, 17) magnetic materials, 1821) photovoltaic devices, 22) electrochemical supercapacitors, 23) smart windows 24) and dye-sensitized photocathodes. 25) Therefore, NiO became one of the most important transition metal oxides. However, most of these applications require particles with a small size and a narrow size distribution. With the volume effect, the quantum size effect and the surface effect, NiO nanoparticles are expected to possess many improved properties and even more attractive applications than those of bulk-sized NiO particles. For example, NiO nanostructures are p-type semiconductors with particular magnetic behaviors such as superparamagnetic, superantiferromagnetic, and ferromagnetic order depending on the particle size, particle shape, and synthesis route, whereas bulk-sized NiO is an antiferromagnetic insulator with a Neel temperature (T N ) of 523 K. 26, 27) Numerous new techniques have been developed for the preparation of NiO nanoparticle, such as solgel method, ultrasonic radiation, pyrolysis by microwave, hydrothermal synthesis, precipitationcalcination method, carbonyl method, laser chemical method, mechanochemical processing, microemulsion method, flame spray pyrolysis, solid-state method, and so forth. 2832) Among them, the chemical method of solgel preparation is one of the simplest and lowest-cost techniques for preparing pure transition metal oxides with relatively high specific surface area at low temperature.
3335) By selecting a proper precursor and surfactant, coupled with a rational calcining procedure, NiO nanoparticle with uniform size and shapes could be obtained. This method also has potential advantages, including operational simplicity, high purity and high yield of product, low energy consumption and no special equipment required.
In this study, we had developed a novel synthesis to prepare NiO nanoparticles by using copolymer as the surfactant, and Ni(NO 3 ) 2 ·6H 2 O as the inorganic precursor. The findings of our work proved that the surfactant-mediated method is valuable for the preparation of NiO nanoparticles. We also investigated the influence of experimental parameters, such as calcination temperatures and H 2 O concentration on the formation of NiO nanoparticles. The features of microstructure and specific surface area of the samples were characterized by TGA, XRD, SEM, TEM and N 2 adsorption desorption isotherms.
Experimental
NiO nanoparticles were prepared by a surfactant-mediated method using nonionic copolymer F108 as an organic template material. Poly(alkylene oxide) block copolymer F108 with 1 g was dissolved in 10 ml of anhydrous ethanol. Different amounts of water (H 2 O) (0, 10, 20, 40 mass%) were added to dilute the ethanol solution. 0.01 mole of nickel nitrate (Ni(NO 3 ) 2 ·6H 2 O) was then added to the F108 ethanol solution and stirred vigorously for 1 h. The role of the block copolymer in the as-made sample was used to control the growth of nanoparticles and coat the nanoparticles to prevent them from further oxidation and aggregation. These nanoparticles were easily dispersed in ethanol to form a homogeneous colloidal solution. The resulting sol solutions were aged and dried at 343 K in an oven for 48 h. The asmade sample was then calcined at various temperatures (623, 723, 823, 923 K) for 3 h to remove the copolymer. The nanostructure of NiO nanoparticles was then investigated by thermogravimetric analysis (SETSYS Evolution TGA, Thermal Analysis System). Powder XRD data was measured with a Rigaku D/max-IV diffractometer with Cu K¡ radiation ( = 0.15418 nm). The sample was scanned from 20 to 80°( 2ª) in steps of 4°/min. A SEM image was obtained using a Hitachi 3000N, and the sample was prepared by dispersing the final powder in conductive glue, and this dispersion was then sprayed with carbon. The TEM micrographs were made with a FEI E.O Tecnai F20 G2 MAT S-TWIN transmission electron microscope operated at 200 keV. The sample for TEM was prepared by dispersing the final powder in ethanol, and this dispersion was then dropped on carboncopper grids. The N 2 adsorptiondesorption isotherm was recorded on a Micromeritics ASAP 2010 automated sorption analyser. The sample was outgassed for 7 h at 423 K before the analysis. The BarrettJoynerHalenda (BJH) model and the Brunauer EmmettTeller (BET) methods were applied to determine the pore size and BET surface area, respectively. FTIR spectra, in the range of 4000400 cm
¹1
, were recorded on a Perkin Elmer Spectrum GX infrared spectrophotometer. Figure 1 shows the result of TGA curve for the assynthesized sample, which was carried out from the room temperature to 1073 K in the air. Two steps of weight loss are presented during this process. Below 373 K, the gravimetric loss of about 5% is attributed to the evaporation of residual water in the dried sample. As shown in Fig. 1 , between 423 and 573 K the weight loss is about 65%, which is corresponding to the total amount of F108 and NO 2 in the mixture of F108 and nickel nitrate (Ni(NO 3 ) 2 ). Accordingly, the combustion of organic compounds is the main reaction for the removal of the copolymer template in this step. According to the analysis of TGA data, most of the copolymer in the as-made powders is eliminated at about 573 K, and the calcinating of the NiO powders in air has been performed above 573 K. Figure 2 presents the FTIR spectra in the range 4000 400 cm ¹1 of the copolymer and the sample calcined at 623 K for 3 h. Due to the vibrations of CH 2 and CH 3 36) of copolymer, some bands around 2950 and 1480 cm ¹1 are clearly seen in Fig. 2(a) . After calcination at 623 K, there are no bands of organic species present, which implied that the copolymer template was completely removed by calcination, as shown in Fig. 2(b) . The bands due to the oxide structure appeared in the region between 400 and 850 cm ¹1 . 37) The two peaks at 3400 and 1650 cm ¹1 corresponded to the surface adsorbed water and the hydroxyl groups, respectively. 38) From the FTIR result, calcination at 623 K for 3 h was conducted to form nickel oxide structure and remove the majority of the copolymer template from the as-made powder. Figure 3 illustrates the influence of temperature and H 2 O concentration on the structural characterizations of NiO nanoparticles, which were performed by XRD on samples calcinated at 623 to 923 K for 3 h with different amounts of water. From Fig. 3(a) , it can clearly be seen only pure metallic Ni nanoparticles were presented at 623 K. Three characteristic peaks, indexed as the reflections from {110}, {200} and {220} planes (JCPDS card No. 87-0712), represents a typical face-centered cubic (fcc) structure of Ni. Thus, the metallic Ni nanoparticles can be prepared by surfactant-mediated method using copolymer as the surfactant. The thermal decomposition of the copolymer derived the formation of hydrogen, CO and CO 2 as the sample was calcinated around 573 K. 39) Interacting with the generated H 2 and CO, the Ni 2+ in the inorganic precursor was reduced to metallic nickel particles. While the calcination temperature was increased to 723 K, NiO nanoparticles with an fcc structure were formed, as shown in Fig. 3(a) . The presence of peaks, corresponding to {111}, {200}, {220}, {311} and {222} planes, confirmed the structure of cubic-NiO (JCPDS cards No. 47-1049). The formation of NiO could be attributed to the reoxidation of the previously formed nickel nanoparticles 39) due to the completion of thermal decomposition of the inorganic precursor, which causes the decrease of hydrogen and creates the oxidation environment. Consequently, at higher temperatures metallic Ni nanoparticles would be fully oxidized to NiO. For example, the XRD analysis shown in Fig. 3(a) indicated that calcination at 923 K was needed to completely oxidize metallic Ni. Accordingly, the formation of Ni and NiO nanoparticles and their structural features were greatly dependent on the calcination temperature. With increasing calcination temperature, the intensities of the diffraction peaks of NiO increased, and the degree of crystallinity would be improved. To investigate the effects of H 2 O on the synthesis, 10, 20 and 40 mass% H 2 O were applied into the systems, and nanoparticles of Ni and NiO were obtained again. Considering to the effects of H 2 O concentration on the formation of NiO nanoparticles, the metallic Ni nanoparticles are presented with few amount of NiO at 623 K ( Fig. 3(a) 
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(d).
That is rationally presumed that the optimal condition for controlling the synthesis process is achieved, since the similar results of N 2 adsorptiondesorption isotherm for the 20 mass% and 40 mass% H 2 O additions are also observed in the latter discussions. According to XRD in Fig. 3 , the full width at half-maximum (FWHM) intensity of NiO diffraction peaks becomes narrow and more close to perfect fcc structure with the increase of temperature. The H 2 O concentration has no influences on the NiO phase formation. That indicates the inorganic precursor with different amount of water would not affect the type of NiO structural formation, but reduce the transformation rate of metallic Ni into NiO. To obtain the insight information about the surface morphology and particle size of the NiO powders, both SEM and TEM analyses were performed. Figure 4 shows the SEM images of the NiO nanoparticles morphology calcined at 723 K for 3 h with different H 2 O concentration. As shown in Fig. 4 , the particles do not seem to be sintered, and the aggregated nanocrystals were produced after calcination at 723 K for 3 h. The agglomeration of nanocrystalline particles could be attributed to their extremely small dimensions with high surface energy during the polycondensation and drying steps of solgel process. 40) However, there is no obvious difference on the morphology of NiO for different H 2 O concentrations by SEM observations. Limited information of the microstructure of NiO nanoparticles could be revealed from Fig. 4 . With the study of TEM investigations, as shown in Fig. 5 , the nanoscale size of NiO powder with 10 mass% H 2 O calcined at 723 K for 3 h are confirmed. From Fig. 5(a) , it could be seen that uniform size with similar shape of NiO nanoparticles are observed. In addition to the individual particles, some aggregated particles are also present. The particle sizes are measured in the range of 20 to 30 nm. The corresponding selected area electron diffraction (SAED) pattern proves the well crystallinity of the NiO framework ( Fig. 5(a) inset) , which verifies the XRD results. The HRTEM image of the sample with 10 mass% H 2 O calcined at 723 K for 3 h is shown in Fig. 5(b) . This figure displays obviously the microstructure of NiO nanoparticle. The measured lattice distances in the HRTEM image, 0.42 nm for the nanoparticle (d(200) = 0.21 nm), is quite consistent with the known parameters for NiO. 41, 42) This observation is in good agreement with the XRD results. Figure 6 demonstrates the N 2 adsorptiondesorption isotherm and BJH pore size distribution curve of the sample calcined at 723 K for 3 h with different H 2 O concentration, and the experimental results are summarized in Table 1 . According to the desorption branch of the isotherm shown in Fig. 6 with the BJH model, the powder sample exhibits a characteristic of non-porous NiO nanoparticles. 43) The BET surface area of nanocrystalline NiO powder calcined at 723 K with 0 mass% H 2 O is found to be 7.5 m 2 /g and the pore volume is 0.022 cm 3 /g. The calculated broad pore diameter distribution is at approximately 25.24 nm (Fig. 6(a) inset) .
With the increase of H 2 O concenteration, the pore diameter distribution is decreased to 19.68 nm and the specific surface area is increased to 10.4 m 2 /g, respectively. The increase of specific surface area could be attributed to the reduction of polycondensation rate for the inorganic precursor with H 2 O addition. 44) During the micelle formation of solgel process, the inorganic precursor would aggregate to form a phase separation between the inorganic and organic phases before the liquid phase of micelle formation. With an increased H 2 O addition, the polycondensation reaction of the inorganic precursor would be inhibited, and the micelle formation could be conducive to gain a high BET surface area of NiO nanoparticles. However, more detailed investigations need to be conducted to confirm the mechanism. For a lower calcination temperature, it would be also helpful to obtain a high specific surface area under the same H 2 O concentration. The specific surface area increases from 12.9 to 25.5 m 2 /g while the calcination temperature is decreased from 723 to 623 K for 10 mass% H 2 O concentration, as shown in Table 1 . 
Conclusions
In this paper, we have investigated the effect of thermal stability on the NiO nanoparticles formation prepared by sol gel method, which was accomplished by using copolymer as the surfactant. According to TGA and FTIR analyses, it was shown that the copolymers were expelled at 573 K. The thermal stability of NiO nanoparticles was examined by performing various calcination temperatures. The sample calcined at 923 K was composed of pure NiO nanoparticles, as shown by XRD, while both metallic Ni and NiO were formed as the calcining temperature between 623 and 823 K. The formation of Ni and NiO nanoparticles and their structural features were greatly dependent on the calcination temperature. With increasing of H 2 O concentration, the reoxidation process of metallic Ni would reduce, but it would not affect the structural type of NiO nanoparticles. In general the addition of water would weaken and inhibit oxidation effects. The temperature of stable metallic Ni was increased from 723 to 823 K. Based on the results of XRD and TEM, the formation of NiO nanoparticles was clearly confirmed. The specific surface area evaluated from the N 2 adsorption desorption indicated that the samples consisting of nonporous NiO nanoparticles. Increasing H 2 O addition resulted in an increase of specific surface area of nanocrystalline NiO powder. A low calcination temperature would be useful to gain a high specific surface area of NiO nanoparticles. 
